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Objective: Percutaneous aortic valve replacement is an emerging therapy for selected patients with severe aortic
stenosis. Preoperative imaging of the aortic root facilitates sizing and deployment of the percutaneous aortic valve
replacement device. We compared morphologic characteristics of the aortic root in patients with aortic stenosis
versus elderly gender-matched controls using multidetector computed tomography.
Methods: Twenty-five consecutive subjects with severe calcific aortic stenosis referred for percutaneous aortic
valve replacement and 25 elderly gender-matched controls were scanned on a Siemens Definition Dual Source
(Siemens Medical, Forchheim, Germany) multidetector computed tomography scanner. Distances from the valve
annulus to the coronary artery ostia and sinotubular junction, dimensions of the aortic root, and characteristics of
the valve cusps were determined.
Results: Subjects with aortic stenosis had reduced distance from the aortic valve annulus to the inferior margins
of the left and right coronary artery ostium and sinotubular junction compared with controls. There were no sig-
nificant differences in cross-sectional dimensions of the aortic root.
Conclusion: The distance from the aortic valve annulus to the coronary artery ostia and sinotubular junction is
reduced in patients with aortic stenosis compared with controls. This finding suggests that longitudinal remodel-
ing of the aortic root occurs in calcific aortic stenosis and has implications for the design and deployment of per-
cutaneous aortic valve replacement devices.Percutaneous aortic valve replacement (PAVR) is an emerg-
ing therapy for selected patients with severe aortic stenosis
(AS) who may not be candidates for conventional surgical
valve replacement because of multiple comorbidities.1-4
Detailed knowledge of aortic valve and aortic root morphol-
ogy, including the longitudinal distance from the aortic
annulus to the coronary arteries and annular diameters, is
important for preprocedural planning and device deploy-
ment.
However, our understanding of the complex 3-dimen-
sional anatomy of the aortic valve and aortic root in calcific
AS is incomplete. Although there is currently no uniform
method for the evaluation of the aortic valve and root before
PAVR, a combination of transthoracic or transesophageal
echocardiography and fluoroscopy is typically used. Both
standard echocardiography and fluoroscopy, however, are
limited in their ability to evaluate the 3-dimensional charac-
teristics of the aortic root, as well as the relationship of the
aortic valve cusps to the coronary ostia. In contrast, high-
resolution interactive datasets obtained with multidetector
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doi:10.1016/j.jtcvs.2008.07.062950 The Journal of Thoracic and Cardiovascular Sucomputed tomography (MDCT) provide detailed anatomic
information of the aortic valve and root, including their 3-
dimensional relationship.5-9 Additional cine computed
tomography (CT) images (‘‘4-dimensional’’) allow limited
correlation between anatomy and function.
We hypothesized that dimensions of the aortic root are
decreased and that its relationship to the coronary artery
ostia is altered in patients with AS. By using MDCT, we
therefore evaluated morphologic characteristics of the aortic
root in patients with calcific AS versus elderly gender-
matched controls.
MATERIALS AND METHODS
Study Design and Patient Selection
We enrolled a total of 50 subjects, including 25 consecutive subjects with
calcific degenerative AS who were referred for PAVR because of a high risk
of mortality with conventional aortic valve replacement, and 25 elderly gen-
der-matched historical controls referred for coronary CT angiography for
evaluation of chest pain. In accordance with current exclusion criteria
from PAVR trials, patients with congenital unicuspid or bicuspid aortic
valve, prior valvular heart surgery, mixed aortic valve disease (AS and aor-
tic insufficiency with  3þaortic insufficiency), greater than or equal to 3þ
mitral insufficiency, or abdominal or thoracic aortic aneurysms greater than
5.0 cm were excluded. In addition, patients with relative contraindications
for MDCT, including atrial fibrillation or advanced renal insufficiency,
were excluded. Data collection and analysis were performed with approval
by the institutional review board.
Multidetector Computed Tomography
Subjects were scanned on a Siemens Definition Dual Source MDCT
scanner (Siemens Medical, Forchheim, Germany) after administration of
a non-ionic, iodinated contrast agent (80–100 mL Ultravist 370, Bayer
Healthcare, Berlin, Germany) at 4 to 5 mL/sec followed by 30 to 50 mLrgery c April 2009
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TAbbreviations and Acronyms
AS ¼ aortic stenosis
CT ¼ computed tomography
MDCT ¼ multidetector computed tomography
PAVR ¼ percutaneous aortic valve replacement
of normal saline at the same rate. A contrast bolus monitoring technique10
using a region of interest in the ascending aorta was used to determine the
scan delay time. Once the desired attenuation (determined visually by the
technologist) was reached, scanning was initiated in the craniocaudal direc-
tion during a single inspiratory breath-hold. Patients referred for PAVR
were scanned from the level of the carina to the mid-left ventricle. Control
patients who underwent coronary CT angiography were scanned from the
level of the carina to the diaphragm. Control patients also received intrave-
nous metoprolol (mean dose 11  3 mg) and sublingual nitroglycerin 0.3
mg before study acquisition as part of their examination protocol. Spiral
data were acquired with retrospective electrocardiogram gating using the
following parameters: gantry rotation time ¼ 330 ms; beam collimation
¼ 32 3 0.6 mm; tube voltage ¼ 120 kV; tube current-time product per ro-
tation ¼ 250 to 410 mAs/rot; and beam pitch ¼ 0.2 to 0.5. Electrocardio-
gram-based tube current modulation was used for all patients with
a reduction in tube current by 80% during systolic phases. Images were re-
constructed during 10 to 14 phases of the cardiac cycle depending on patient
heart rate with a temporal resolution of 83 ms and section thickness of 0.75
mm. The average effective radiation dose was approximated for each patient
after scanning by multiplying the dose-length product and a conversion fac-
tor for the chest.11
Data Analysis
Images were analyzed by consensus of 2 investigators on a dedicated CT
workstation (Siemens Leonardo, Siemens Medical) equipped with Circula-
tion and InSpace software. The largest cross-sectional diameters of the left
ventricular outflow tract, aortic annulus, sinuses of Valsalva, and sinotubu-
lar junction were measured in systole (20%–30% phase) using double ob-
lique images to identify the true short axis (Figure 1). The aortic valve
annulus was defined at the lowest level of the insertion of the valve cusps
into the aortic root;12 the maximal diameter at this point was determined
as the maximal aortic valve annulus diameter. The annulus was defined as
oval if the difference between the minimal and maximal cross-sectional di-
ameters of the annulus was greater than 3 mm. The maximum diameter of
the sinus of Valsalva was determined from measurements extending from
each commissure to the middle of the opposite coronary cusp. The sinotub-
ular junction was measured at the junction of the sinuses and tubular portion
of the ascending aorta. The vertical distances from the aortic valve annulus
to the inferior margins of the left coronary artery ostium, right coronary
artery ostium, and sinotubular junction were measured in systole and end
diastole from oblique coronal views (Figure 2). Measurements were made
in areas of minimal calcification to minimize the effect of calcium blooming
artifact from calcified aortic valves. In a subset of 4 patients who underwent
MDCT scanning after PAVR, we also measured the distance from the supe-
rior aspect of the device to the coronary artery ostia in systole. Leaflet height
was defined as the longest length of the cusp from the annulus to the cusp tip
and was measured in diastole (70% phase) from the long-axis view going
through the center of each cusp (Figure 3). Effective cusp height was defined
as the vertical distance from the annulus to each cusp tip and was measured
in diastole from the long-axis view through the center of each cusp13 (Fig-
ure 3). Cusp-free margin length wasmeasured in diastole from the short-axis
view (Figure 4).
Aortic valve opening in the AS group was described qualitatively and
quantitatively. The systolic valve orifice was examined on short-axis cine
CT reconstructions and described as either symmetric and star-shaped orThe Journal of Thoracic andasymmetric. Quantitatively, the aortic valve area was determined by planim-
etry of the aortic valve using a plane parallel to the short axis of the aortic
root. The time point of maximal aortic valve opening was identified during
systole (usually at 20%–30% of the R-R interval). The area of the aortic
valve opening was found by scrolling through the short-axis images toward
the tip of the cusps until the smallest opening was found. The planimetered
aortic valve area was determined by tracing the inside borders of the coro-
nary cusps with electronic calipers and reported in square centimeters.
Transthoracic Echocardiography
All measurements were performed using a standard sonographic system
equipped with a 3.5 to 1.75-MHz transducer by an experienced observer.
The peak and mean transvalvular velocities were measured in all patients
using standard echocardiographic views. In addition, the aortic valve area
was calculated using the continuity equation approachwith a Doppler veloc-
ity-time integral.14 The mean and peak transvalvular pressure gradients
were calculated. Left ventricular ejection fraction was determined using
Simpson’s method.15 Measurement of the aortic valve annulus was per-
formed from the parasternal long-axis view from the point of insertion of
the cusps into the aortic root.
Statistical Analysis
All values presented are the mean  standard deviation for continuous
variables and as the percentage of total patients for categoric variables.
The independent sample t test and chi-square or Mann–Whitney test were
used for comparison of continuous and categoric variables, as appropriate.
All P values were 2 sided. Calculations were performed with the Statistical
Package for the Social Sciences version 12.0 (SPSS Inc, Chicago, Ill).
RESULTS
We enrolled a total of 50 patients (56% were male), with
25 patients in each group. The effective radiation dose was
approximated as 12  5 mSv for the AS group and 10  3
mSv for the control group. There was no significant differ-
ence between the AS and control groups in age (79.7 
8.1 years vs 76.0 6.7 years, respectively; P¼ .07) or base-
line left ventricular ejection fraction (49%  15% vs 48%
 13%, respectively; P¼ .80). Compared with controls, pa-
tients with AS had a worse New York Heart Association
functional class (2.8 0.7 vs 1.6 0.7; P<.01). The logis-
tic euroSCOREwas 28% 14% for the AS group. Detailed
baseline clinical characteristics for both groups are shown in
Table 1.
Aortic Root Longitudinal Dimensions
Compared with the control group, the AS group showed
a reduced distance from the aortic valve annulus to the left
coronary artery ostium (13.4  3.2 mm vs 15.6  2.7
mm; P ¼ .01). There was a similar reduction in the distance
from the aortic valve annulus to the right coronary artery
ostium in the AS group compared with the control group
(13.6  2.8 vs 15.2  2.5 mm; P ¼ .04). The longitudinal
distance from the aortic valve annulus to the sinotubular
junction was also reduced in the AS group compared with
the control group (16.7  2.0 vs 21.0  2.3 mm; P< .01).
Similar changes were observed for these variables during
both systole and diastole (Table 2). In the subset of 4 patientsCardiovascular Surgery c Volume 137, Number 4 951
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TFIGURE 1. Long-axis (A) and corresponding short-axis views of the aortic valve annulus (B), sinuses of Valsalva (C), and sinotubular junction (D). Mea-
surements of the sinuses of Valsalva were made from the commissures between 2 cusps to the middle of the opposite cusp (C). Measurements at the other
levels of the aortic root were made using the largest cross-sectional diameter from the short-axis image. ST, Sinotubular; SOV, sinuses of Valsalva; AN,
annulus.who underwent MDCT scanning after PAVR, the distance
from the superior aspect of the device to the coronary artery
ostia was 2.5  0.5 mm.
Aortic Root Diameters
There was no significant difference in the diameters of the
left ventricular outflow tract, aortic valve annulus, sinuses of
Valsalva, or sinotubular junction between the AS and con-
trol groups (Table 3). An oval annulus was present in
36% of the AS group and 44% of the control group (P ¼
NS). The aortic annulus was measured to be 27.2  3.5
cm by MDCT and 22.9  1.3 cm by transthoracic echocar-
diography with a correlation coefficient of 0.52.
Aortic Valve Characteristics
The mean aortic valve area in the AS group by transtho-
racic echocardiography was 0.7 0.1 cm2 (continuity equa-
tion) with peak and mean pressure gradients across the aortic
valve of 75 17 mm Hg and 43 11 mm Hg, respectively.
The measured aortic valve area by planimetry on MDCT of952 The Journal of Thoracic and Cardiovascular Su0.8 0.2 cm2 was higher than the aortic valve area of 0.7
0.1 cm2 by transthoracic echocardiography (P< .01) with
a correlation coefficient of 0.42. The systolic valve orifice
in the AS group was symmetric and star-shaped in 76%,
and asymmetric in 24%.
The free margin lengths of the right, left, and noncoronary
cusps were all reduced in the AS group versus the control
group (Table 4), typically by a distance of 3 to 4 mm for
each cusp. The effective height of the left and noncoronary
cusps was greater in the AS group versus the control group,
with a trend toward increased effective height of the right
coronary cusp in the AS group (Table 4). There was no sig-
nificant difference in leaflet height between the AS and con-
trol groups.
DISCUSSION
In this study, we compared morphologic characteristics of
the aortic root and valve in patients with severe calcific de-
generative AS referred for PAVR versus elderly gender-
matched controls without AS. Our findings indicate thatrgery c April 2009
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Tlongitudinal remodeling of the aortic root occurs in patients
with calcific AS, as manifested by reduced distances from
the aortic valve annulus to the coronary artery ostia and
sinotubular junction. These differences along the longitudi-
nal axis of the root occurred without any significant change
in cross-sectional diameters of the aortic root at the level of
the left ventricular outflow tract, annulus, sinuses of Val-
salva, or sinotubular junction. Figure 5 illustrates these
changes in the AS versus control groups.
FIGURE 2. Imaging plane used to measure the distance from the aortic
valve to the inferior margin of the coronary ostia. Measurements were
made from the oblique coronal view during systole. The left coronary artery
is shown in this image.The Journal of Thoracic and CThese results have important implications for the deploy-
ment and design of PAVR devices. Preoperative knowledge
of aortic root dimensions, and in particular the relationship
of the coronary arteries to the valve annulus and cusps, is
critical for optimal positioning of the PAVR device relative
to the valve annulus. The absolute difference in distance
from the annulus to the coronary artery ostia between the
AS and control groups was only 2.6 to 2.8 mm. However,
these small distances become clinically relevant when one
considers that the average distance between the superior as-
pect of the prosthesis and the inferior margin of the coronary
artery ostia was only 2.5 0.5 mm and that the typically cal-
cified leaflet margins are displaced against the stent in the si-
nus of Valsalva. Placement of the valve too high with respect
to the annulus has been associated with coronary complica-
tions or severe aortic regurgitation,4 whereas an inferior
placement of the valve relative to the annulus can lead to
transient or permanent complete heart block. Patients in
whom the distance from the annulus to the coronary artery
ostia is markedly reduced may require placement of an an-
gioplasty guidewire into the affected coronary artery before
device deployment to facilitate intervention with a coronary
stent in the event of a coronary artery occlusion by the de-
vice.
In the context of future PAVR device design, the finding
of a reduced distance between the annulus and the coronary
artery ostia in patients with calcific degenerative AS sug-
gests that PAVR devices must be designed with either
a low profile or an open design near the apex of the device
to minimize the risk of coronary complications. There is
ongoing research into improvements of future device
generations beyond modification of the profile alone. Fur-
thermore, the development of devices that could be reposi-
tioned after initial expansion of the device within theFIGURE 3. Imaging plane used to define the leaflet height and effective cusp height. A, Leaflet height, defined as the longest length of the cusp from the
annulus to the cusp tip, was measured in diastole from the long-axis view going through the center of each cusp. Effective cusp height, defined as the vertical
distance between the cusp from the annulus to the cusp tip, was measured in diastole from the same plane as the cusp height. B, Schematic diagram illustrating
leaflet height and effective cusp height. STJ, Sinotubular junction; LH, leaflet height; ECH, effective cusp height.ardiovascular Surgery c Volume 137, Number 4 953
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Taortic root would help minimize suboptimal device expan-
sion or placement, especially in patients with small aortic
roots in which the margin for error in device deployment
is particularly low. Three-dimensional MDCT data are in-
creasingly used in the process of device development.
The emergence of PAVR has focused clinical and imag-
ing interest on the aortic root. However, earlier data regard-
FIGURE 4. The free margin length of each cusp was measured during
diastole from the short-axis view.
TABLE 1. Baseline clinical characteristics in aortic stenosis group
versus controls
Variable
Aortic stenosis
(n ¼ 25)
Controls
(n ¼ 25)
P
value
Age (y) 79.7  8.1 76.0  6.7 .07
Male gender% (n) 56 (12) 56 (12)
Body surface area (m2) 1.8  0.2 2.0  0.3 .19
Diabetes mellitus% (n) 36 (9) 28 (5) .25
Hypertension% (n) 88 (22) 94 (17) .23
Dyslipidemia% (n) 92 (23) 72 (13) .07
Active smoker% 0 0
History of CAD% (n) 75 (18) 45 (10) .13
Prior CABG% (n) 33 (8) 14 (3) .14
Prior PCI% (n) 29 (7) 21 (4) .34
NYHA class% (n) <.01
I 4 (1) 48 (12)
II 20 (5) 40 (10)
III 64 (16) 12 (3)
IV 12 (3) 0
Left ventricular ejection
fraction (%)
49  15 48  13 .80
CAD, Coronary artery disease; CABG, coronary artery bypass graft; NYHA,New York
Heart Association; PCI, percutaneous coronary intervention.954 The Journal of Thoracic and Cardiovascular Suring changes in aortic root morphology in calcific AS are
limited. In a study using transesophageal echocardiography,
Ben-Dor and colleagues16 reported reduced diameters of the
aortic sinus and sinotubular junction in 62 patients with de-
generative tricuspid AS compared with controls. In compar-
ison, in a retrospective study using both transthoracic and
transesophageal echocardiography, Crawford and Roldan17
found a reduced aortic annulus size but an increased diame-
ter of the sinotubular junction in 42 patients with AS com-
pared with controls. We found no significant change in the
cross-sectional diameters of the aortic root in AS compared
with these studies. The differing results between these stud-
ies are likely due to enrollment of different patient popula-
tions, as well as inherent differences between MDCT and
echocardiographic measurements of the aortic root. Ben-
Dor and colleagues excluded patients with a bicuspid aortic
valve or greater than mild aortic insufficiency, whereas 75%
of the patients in the study by Crawford and Roldan had at
least mild aortic insufficiency and 13% had a bicuspid aortic
valve.
Our study demonstrates subtle differences of measure-
ments between MDCT and echocardiography. Although
standard 2-dimensional echocardiography remains the clin-
ical standard for the anatomic and functional assessment of
TABLE 2. Aortic root longitudinal dimensions in aortic stenosis group
versus controls
Variable
Aortic stenosis
(n ¼ 25)
Controls
(n ¼ 25)
P
value
Aortic valve annulus to LCA
in systole (mm)
13.4  3.2 15.6  2.7 .01
Aortic valve annulus to LCA
in diastole (mm)
13.3  2.3 15.7  2.6 <.01
Aortic valve annulus to RCA
in systole (mm)
13.6  2.8 15.2  2.5 .04
Aortic valve annulus to RCA
in diastole (mm)
13.4  2.2 15.6  2.7 <.01
Aortic valve annulus to ST
junction in systole (mm)
16.7  2.0 21.0  2.3 <.01
Aortic valve annulus to ST
junction in diastole (mm)
17.3  2.1 21.4  2.4 <.01
LCA, Left coronary artery; RCA, right coronary artery; ST, sinotubular.
TABLE 3. Aortic root diameters by computed tomography in aortic
stenosis group versus controls
Variable
Aortic stenosis
(n ¼ 25)
Controls
(n ¼ 25)
P
value
LVOT diameter (mm) 24.6  3.6 25.1  3.0 .65
Annulus diameter (mm) 27.2  3.5 27.2  4.0 .99
Annulus area (cm2) 6.0  1.6 6.7  1.7 .18
Aortic sinus diameter (mm) 34.7  4.7 36.7  5.3 .17
ST junction diameter (mm) 27.1  3.8 28.2  4.7 .40
Ascending aorta diameter (mm) 32.8  4.2 32.2  5.8 .72
LVOT, Left ventricular outflow tract; ST, sinotubular.gery c April 2009
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MDCT or potentially 3-dimensional echocardiography al-
low manipulation in complex, oblique planes resulting in
true cross-sectional measurements. Defining the aortic annu-
lus at the lowest level of the valve cusp insertion, our MDCT
data demonstrated an oval annulus in 36% of patients in the
AS group, and the maximum annulus diameter was larger in
comparison with echocardiography. The finding of an oval
annulus by MDCT has been described, and anatomic studies
have demonstrated that the true shape of the annulus is not
circular but rather crown shaped.18 Additional studies are
needed to determine the role of preoperative and intraopera-
TABLE 4. Characteristics of the aortic valve in aortic stenosis group
versus controls
Variable
Aortic stenosis
(n ¼ 25)
Controls
(n ¼ 25)
P
value
Aortic valve area (cm2) 0.8  0.2 2.7  0.8 <.001
RCC free margin length (mm) 27.2  5.0 31.4  4.9 <.01
LCC free margin length (mm) 26.5  4.9 31.0  4.5 <.01
NCC free margin length (mm) 28.1  5.6 32.3  4.6 <.01
RCC height (mm) 14.5  2.2 15.5  1.8 .08
LCC height (mm) 15.7  2.0 15.5  2.6 .76
NCC height (mm) 16.2  3.1 16.3  2.9 .93
RCC effective height (mm) 9.0  1.5 8.2  1.5 .06
LCC effective height (mm) 9.0  1.3 7.9  1.6 <.01
NCC effective height (mm) 9.7  2.0 8.3  1.9 .02
RCC, Right coronary cusp; LCC, left coronary cusp; NCC, noncoronary cusp; RCA,
right coronary artery; LCA, left coronary artery.The Journal of Thoracic and Ctive imaging for optimal sizing and positioning of the PAVR
device at the annulus. Our study also demonstrated only
a modest degree of correlation in planimetered aortic valve
area by MDCT versus the calculated aortic valve area using
valvular gradients by Doppler echocardiography, with
a slight overestimation of aortic valve area by MDCT, sim-
ilar to other studies evaluating the use of MDCT in measur-
ing aortic valve area.19-22 It should be noted, however, that
the measurement of aortic valve area by velocity (Doppler
imaging) or pressure gradients (cardiac catheterization)
across the valve is inherently a measure of functional valve
area.23-25 This functional valve area reflects the average of
measurements throughout the duration of aortic valve open-
ing during systole, as well as the physiologic effects of
multiple variables, such as coexisting aortic or mitral regur-
gitation. Planimetry of the aortic valve using MDCT, on the
other hand, is a simple anatomic measurement of maximal
valve area in systole. However, 4-dimensional MDCT
does provide detailed information on the shape and symme-
try of valve opening and its relationship to leaflet calcifica-
tion, which could be important for symmetric device
deployment. Although comparative data evaluating the re-
spective merits of different imaging modalities in patients
undergoing PAVR are limited, it is likely that these modal-
ities provide complementary information.
Our findings of reduced distances between the annulus to
coronary ostia and sinotubular junction provide evidence for
remodeling along the longitudinal axis of the aortic root. The
lack of significant differences in cross-sectional dimensionsE
TFIGURE 5. Changes in aortic root morphology in AS. A, Normal aortic root (green). B, Aortic root in AS (blue). Compared with controls, distances from
aortic valve annulus to sinotubular junction (1) and aortic valve annulus to left or right coronary artery ostia (2) are reduced. The effective cusp height (3) is
increased in AS group compared with controls. C, Overlapping aortic root for AS and control groups.ardiovascular Surgery c Volume 137, Number 4 955
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Tof the left ventricular outflow tract, annulus, sinuses of Val-
salva, or sinotubular junction between the 2 groups suggests
that remodeling of the aortic root along the horizontal di-
mension does not occur in AS. Our findings of reduced
cusp-free margin length and alterations in effective cusp
height (the vertical distance from the annulus to each cusp
tip) in the AS group are consistent with the dystrophic
changes that occur in patients with this disease.26
The current study was not designed to assess procedural
outcome and does not provide insight into potential patho-
physiologic mechanisms of aortic root remodeling in these
patients with calcific AS. Previous studies have described
root remodeling mainly in the context of aortic dilatation,
hypertension, and aortic valve regurgitation.27 Underlying
pathophysiologic processes, including cystic medial necro-
sis and fibrosis, have been described.28,29 Recent insights
into degenerative aortic valve stenosis emphasize a complex
interaction between inflammatory response and calcifica-
tion.26 However, better understanding of these complex
and dynamic processes will require ex vivo models, model-
ing of hemodynamic effects, and serial imaging.30
CONCLUSIONS
The results of our study suggest that longitudinal remod-
eling of the aortic root occurs in calcific AS, as manifested
by reduced distances from the aortic valve annulus to the
coronary artery ostia and sinotubular junction. These find-
ings have important implications for the design and deploy-
ment of PAVR devices.
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